I. INTRODUCTION
Recent development in nanotechnology has generated great interest in the development of optical sensors. The usage of optical fiber sensors offer several advantages compared to its electronic counterpart. As well as being small and compact, it is also low powered, has low loss and immune to electromagnetic interference [1] . Optical sensors, particularly surface plasmon resonance (SPR) sensors are extremely popular due to their label-free detection and versatility.
Meanwhile, in the past few years, grating based optical fiber sensors have been gaining a lot of attention. Various types of gratings such as fiber Bragg gratings (FBG) [2] - [5] , long period gratings (LPG) [6] , [7] and tilted FBGs [8] were written on single and multimode fibers using ultraviolet lasers and a phase mask. The exposed grating area, when coated with metal, enhances the emergence of surface plasmons and this allows the device to be used as a sensor to perform label free detection of chemical and biological elements.
LPG based SPR sensors demonstrate high sensitivity however, several drawbacks of these sensors are their multiple resonant peaks and broad transmission resonance features. LPGs are also very sensitive to temperature fluctuations [8] and bending, making them less desirable in remote conditions where they may be subjected to environmental changes. These shortcomings limit the sensor's accuracy and multiplexing capability. The relatively long grating length also restricts the miniaturization of the sensor.
Theoretical analysis using Coupled Mode Theory (CMT) of FBG based SPR sensors have been studied by Spackova et al. [2] , [3] . Optimization of the sensor was done based on the refractive index modulation of the grating, grating length and gold thickness and best performance was obtained between the 46 th and 49 th modes. They present rigorous analysis on the diffraction efficiency and spectral dependence of the fiber grating, however, experimental realization of these specific modes is difficult.
A theoretical model of a hollow core fiber with Bragg grating imprinted and a gold layer deposited on the inner layer of the core is presented by Nemova and Kashyap [4] , [5] . High efficiency energy transfer between the forward waveguide and the surface Plasmon polariton is reported. Practical fabrication of their structure is complex due to the difficulty of depositing a uniform gold layer in the small dimensions of the hollow core.
Finite-difference time domain (FDTD) analysis offers a few advantages for optical modelling applications. Analysis of SPR is convenient as FDTD is a time domain technique where a broadband pulse can be used as the source, and response over a wide range of frequencies can be obtained with a single simulation. This is especially useful in SPR where the resonant frequencies are not precisely known.
To the best of our awareness, there has been no in depth study on the modelling of Fiber Bragg Grating based SPR sensor using FDTD. This technique had been applied to analyse silver film roughness effect on SPR [9] and gold nanoparticles photonic crystal optical fiber SPR sensors [10] . Both studies show that FDTD is a good tool for modelling near field optical characteristics. In this study we investigate a FBG based optical fiber SPR sensor using finite difference time domain (FDTD) simulation. The effect of grating is studied and then simulation of the sensor's performance to detect alcohol concentration in water is carried out.
II. FIBER BRAGG GRATING BASED SURFACE PLASMON RESONANCE
In a FBG based SPR sensor the core mode of a single mode optical fiber is coupled to a back-propagating surface Plasmon (SP)-coupled cladding mode excited by a Bragg grating. FBG based sensors allow multichannel sensing, where a series of FBGs with different grating periods can be written on a single optical fiber cable and coated with a metal film to produce SPRs with different resonant frequencies. Wavelength division multiplexing (WDM) can then be employed to perform multiple sensing. The FBG based SPR sensor in this study is constructed from a single mode fiber. FBG is inscribed on the fiber core and the cladding is removed to increase the evanescent field interaction with the surrounding. A thin gold film is then applied on the exposed core as shown in Fig. 1 . (1) The centre wavelength of the FBG's reflection band is given in (1) where is period of the Bragg grating and is the effective refractive index. The effective index is the combination of the refractive index (RI) of the core and cladding. It can be seen that when the material surrounding the grating changes, the effective index will undergo some variation, causing a shift in the reflected wavelength. This is due to the presence of an evanescent wave and is the basis for the sensing potential of a fiber Bragg grating based sensor. The penetration depth (d p ) of the evanescent wave at the corecladding interface is give in (2) . (2) The Bragg grating affects the effective index and the therefore penetration depth of the evanescent wave into the surrounding.
The fiber Bragg grating allows the transfer of power between the cladding mode and the surface Plasmon modes in the fiber by altering the propagation constant of one mode so that it matches the propagation constant of the other [2] . The resonant wavelength ( ) res λ for the coupling between the forward-propagating fundamental core mode and the backpropagating cladding modes is satisfied at resonance wavelength which can be expressed as in (3). (3) The effective indices of the core and cladding are cladding diameter of 400 nm remains. Gold is chosen as the metal layer due to its sensitivity and chemical stability. The thickness of gold film is chosen at 40nm. These values are used because results from previous studies on residual cladding and gold layer thickness show that the sensor performance is at the optimum [11, 12] . The grating period, is varied from 0.1 to 0.3 microns to obtain resonance wavelength around 700 to 850 nm and the sensing area is covered by an analyte or sensing medium as illustrated in Fig. 2 . A broadband light source with a transmission spectrum from 500 -1400 nm is used as the input and a frequency domain power monitor is used at the output to obtain the results. The metal layer's complex dielectric permittivity is modelled in the system using the Drude-Lorentz [14] , [15] model and the parameters used in this simulation are based on the data by Johnson and Christy [16] . Anti-symmetry boundary conditions and conformal meshing is applied to the sensor to shorten the compilation time while not compromising the accuracy of the results obtained.
IV. RESULTS AND DISCUSSION

A. Investigation of Fiber Bragg Grating Based Sensor Structure
In fiber optic based SPR sensors, spectral interrogation method is used to investigate sensor's performance. The sensitivity and Signal-to-Noise (SNR) are calculated from the results of the simulation. The power detected by the power monitors T(f), normalized to the source power is given by the transmission function in (4) below.
(4)
The poynting vector P(f) is integrated with respect to the surface normal S to obtain average power flow over the surface. The length of the sensing region, L the effective index of the sensing region , and the wavelength of the light source, are also taken into account for the power calculation.
The resonance wavelength of the SPR sensor is determined for different values of refractive index of the sensing layer . The sensor's normalised transmitted power against wavelength curve is plotted as shown in Fig. 3 . The resonant wavelength is observed as a dip in the sensor's response curve. A shift in the refractive index (RI) of the sensing layer will result in a shift of the resonant wavelength which defines the sensitivity of an SPR sensor is as given in (5).
(nm/RIU) (5) Another important parameter in the evaluation of an SPR sensor is the (SNR) ratio. The SNR represents the accuracy of the sensor. This feature can be observed from the width of the SPR curve. A narrow SPR curve shows high accuracy. So, it is desirable to obtain a sharp as well as low dip in the SPR response. The SNR of an SPR sensor is given by (6) . (6) where is the shift in resonant wavelength and is the full-width at half maximum (FWHM) of the SPR curve. Figure 3 shows the response of the SPR sensors to samples of different refractive indices. It can be seen that, for different RIs, the dip in the transmission curve shifts. This dip is the resonance wavelength of the SPR. As the RI of the surrounding medium increases, the SPR resonant wavelength shifts to the right.
The SPR sensor is then simulated with a different grating period and also without grating. Fig. 4 shows the performance of these SPR sensors under these conditions. It can be observed that by increasing the grating period ( ), the resonance wavelength of the sensor shifts to the right.
The sensitivity and the FWHM of the resonance curve are not noticeably affected. Therefore, it is possible to use gratings of larger periods to perform sensing as this would simplify fabrication. Another significance of this finding is that, it is possible that by using an array of FBGs with different grating periods, we can perform multiple detections using a single device.
Another observation that can be made from the Fig. 4 is that the response of the FBG based SPR sensors show a sharper dip at the resonance wavelength. The SPR sensor without grating has a broader dip. This indicates that the SNR or accuracy of the sensor increases with the introduction of FBGs.
The resonant wavelength for the SPR sensor without FBG and the FBG based SPR sensors with two different grating periods is shown in Fig. 5 . For all three structures, the curve is fairly linear at the lower refractive index of the sensing medium. As the refractive index of the surrounding increases above 1.4, it can be observed that the gradient of the curve starts to increase.
This indicates higher sensitivity at these refractive indices. The sensitivity and SNR of the structure with and without FBG is shown in Table 1 . This sensor achieves sensitivity that is greater than 500 nm/RIU which is an improvement on the work reported by [5] .
SPR sensors with FBGs are very suitable for detection of refractive index changes as they provide high sensitivity and SNR compared to standard fiber based SPR sensors. 
B. Application of FBG based SPR Sensor
Simulation was done on the FBG based SPR sensor to detect the concentration of alcohol in water. The amount of alcohol in water causes a change in the refractive index of the water. The RI of water with various concentrations of alcohol is given in Table 2 . Pure water has a refractive index of 1.333. The shift in resonant wavelength of the sensor is observed for the different levels of alcohol concentration. Although the shift in refractive index introduce by the presence of alcohol in water is very small, the FBG based SPR sensor is able to detect the changes with high accuracy as illustrated in Fig. 6 . The sensor with gratings shows up to four times higher sensitivity compared to the sensor without FBG. This is an important factor as, if the sensor was to be employed to detect the concentration of alcohol in beverages, it would be utilised to detect concentrations of 1% to 10% only. In order to obtain good accuracy we require a highly sensitive device with sharp dips such as demonstrated by the FBG based SPR sensors. 
V. CONCLUSION
An FBG based SPR sensor has been designed and simulated. The introduction of FBG demonstrates higher sensitivity as well as SNR compared to basic fiber optic SPR 
